Recent studies suggest the norepinephrine (NE) may play a regulatory role in neuronal cell death in the hippocampus after transient ischemia. However, isch emia-induced changes in extracellular NE release have not been demonstrated. In the present study, we utilized the microdialysis technique to measure extracellular NE levels in the hippocampus before, during, and after 20 min of global ischemia induced by two-vessel occlusion com bined with systemic hypotension in the rat. Stable basal concentrations of extracellular NE were detected in three consecutive samples collected prior to ischemia (1.86 ± 1.21 pmol/ml of perfusate mean ± SEM). During isch-
emia, NE levels increased to 30.1 ± 5.5 pmol/ml, repre senting an 18-fold increase. The levels gradually returned to baseline by 40 min of reperfusion. These results are the first to demonstrate that acute and massive extracellular release of NE occurs in the hippocampus during ischemia and early recirculation. These results support the hypoth esis that the activation of the noradrenergic system may play a significant role in modulating the development of ischemic neuronal damage. Key Words: Norepineph rine-Hippocampus-Global cerebral ischemia Microdialysis.
mediates an injurious effect in the dorsolateral stri atum (Globus et aI. , 1987 (Globus et aI. , ,1988a . Others have set forth evidence attributing a protective role to ade nosine in the development of postischemic hippo campal neuronal death (Evans et aI., 1987; Hagberg et aI. , 1987) . These results suggest that neuronal damage in ischemia may be regulated by the inter action of a variety of neurotransmitters and neuro modulators released during ischemia. The locus coeruleus noradrenergic system, which innervates most regions of the brain (Lindvall and Bjorkland, 1978) , has been shown to modify postsynaptic glu tamate activity Nicoll, 1982,1986; Wohlberg et aI. , 1987) , and has been suggested to modulate hippocampal ischemic neuronal damage (Blomqvist et aI., 1985; Koide et aI., 1986) . How ever, ischemia-induced activation of the noradren ergic system with extracellular release of norepi nephrine (NE) has not been directly demonstrated to support the regulatory role of NE in hippocampal ischemic injury.
The intracerebral microdialysis technique (Un-gerstedt, 1984 ) is a novel method that has been suc cessfully applied to monitor changes in the extra cellular levels of several neurotransmitters under different conditions including ischemia (Globus et al., 1988a,b) . In the present study, we used this technique to evaluate extracellular NE levels in the hippocampus before, during, and after 20 min of global ischemia. Our study is the first to demon strate an acute and massive extracellular release of NE during ischemia and recirculation.
MATERIALS AND METHODS
Brain dialysis procedure and transient forebrain ischemia
Male Wistar rats (280--300 g) were subjected to 20 min of global cerebral ischemia induced by two vessel occlusion combined with systemic hypoten sion (Smith et al., 1984) . Femoral vessels were first cannulated under halothane anesthesia, and poly ethylene ligatures were placed around each com mon carotid artery. Rats were then intubated and mechanically ventilated to maintain arterial Paco2 and Pao2 within normal range. The animals were then mounted on a stereotaxic frame (David Kopf, Tujunga, CA., U.S.A.), and a microdialysis probe (3 mm dialysis membrane, Carnegie Medicin, Swe den) was stereotaxically implanted in the dorsal hip pocampus in the horizontal plane (4 mm posterior to the bregma and 3 mm ventral to the dura). This approach was chosen to insure that the whole ex posed tip of the microdialysis probe was implanted in the hippocampus to prevent the possibility of sampling other structures. The microdialysis probe was subsequently perfused with Ringer's solution at a flow rate of 2 fll!min by means of a microinfusion pump (Carnegie Medicin). Halothane was discon tinued, and the animals were maintained on nitrous oxide and oxygen and immobilized by pancuronium bromide, 0.6 mg / kg intravenously; additional doses of 0.3 mg / kg were administered at 0.5 h intervals. Following a 1.5 h stabilization period, 20 min of ischemia was produced by tightening the carotid lig atures bilaterally and maintaining mean blood pres sure at 50 mm Hg by gradual withdrawal of blood. Brain temperature was carefully regulated at 36°C throughout the experiment, since we have previ ously shown brain temperature to be a critical de terminant of ischemic outcome . Brain temperature was estimated by means of a thermocouple probe that was placed in the tempo ralis muscle and was maintained by appropriate ad justments of a thermostatically regulated heating lamp above the head. To permit postischemic reper fusion, carotid ligatures were removed and the blood, kept at 36--37°C, was reinfused to restore mean arterial blood pressure to normal values. Samples of the microdialysis perfusate, represent ing extracellular fluid, were collected at 20 min in tervals, 60 min before ischemia, during 20 min of ischemia, and during 2 h of recirculation. All sam ples were immediately frozen and stored at -80°C until analysis. At the conclusion of the experiment, all brains were removed, placed in fixative, and pro cessed for paraffin histology. Serial sections were cut through the region of the probe to verify loca tion and extent of damage.
Norepinephrine analysis
Each collecting tube contained 10 fll of O.IN per chloric acid to prevent air oxidation of the NE, and 0.5 flM of 3,4-dihydroxybenzylamine as an internal standard. At a perfusion rate of 2 fll/min, each 20min period yielded a sample with a final volume of 50 fll. NE levels in the perfusate were measured by high-performance liquid chromatography (HPLC) with electrochemical coulometric detection (Kil patrick et al., 1986) . Perfusate samples were in jected directly into a solvent delivery module (Model 5700, ESA) and NE was separated on a 250 x 4.6 mm reversed-phase analytical column (Beck man, Ultrasphere ODS 5 flm). The mobile phase consisted of 0.09M sodium acetate, 0.035M citric acid, 130 flM EDTA, 40 flM octane sulfonate, and 3% (vol/vol) methanol. The coulometric detectors (ESA) consisted of a control module (Model 5100), conditioning cell (Model 5021), and a dual-electrode analytical cell (Model 5011). For optimal perfor mance, current-voltage curves were performed for NE. Based on these curves, the values of applied potential used in our study were a reducing poten tial of -0.30 V at detector 1 and an oxidation po tential of + 0.43 V at detector 2; the conditioning cell potential was set at + 0.30 V to oxidize irre versibly uric and ascorbic acids that otherwise might interfere with NE detection. Under these chromatographic conditions, the retention time for NE was 4 min, far from the solvent front. Basal levels of NE in the perfusate were three to five times higher than the limit of detection.
RESULTS AND DISCUSSION
In all animals, the microdialysis probe was lo cated in the dorsal hippocampus, with only minimal histological changes demonstrated in the vicinity of the probe 4-5 h following the implantation (Fig. 1) . The time course of change in NE release is illus trated in Fig. 2 . Basal levels of endogenous NE were stable in three consecutive perfusate samples collected prior to ischemia (mean basal level = 1.86 FIG. 1. Representative hematoxylin-and-eosin-stained coro nal brain section through dorsal hippocampus, histologically verifying the implantation site of the dialysis probe. The probe was located horizontally in the dorsal hippocampus with only minimal tissue changes restricted to the region of the probe tract. ± 1.21 nM). The steady-state level of NE recovered from the hippocampus appears to be on the same order of magnitude as the amounts previously re ported (Abercrombie et aI., 1988; Kalen et aI., 1988) . During the 20 min of ischemia, an 18-fold increase in hippocampal NE concentration was de tected in the perfusate (mean ischemic level = 30.1 <l> Q. ± 5.5 nM). The levels remained elevated during the early period of reperfusion and gradually returned to normal after 40 min. In preliminary in vitro stud ies, the recovery factor of the microdialysis probe for NE was calculated to be 22%. If one takes into account the dialysate concentration and the calcu lated recovery factor, extracellular NE reached an estimated peak concentration of 150 nM. The total integrated amount of NE released over the time of ischemia and early recirculation is estimated to be 4.6 nmol / ml of extracellular fluid. However, this ex trapolation is based on the assumption that the in vivo and in vitro recovery are on the same order of magnitude.
Previous studies have indirectly inferred isch emia-induced changes in noradrenergic activity from biochemical analyses of tissue concentration of NE (Calderini et aI., 1978; Gaudet et aI., 1978; Harik et aI., 1986) . These results are difficult to interpret mainly because of wide discrepancies; some studies show no change while others demon strate a decrease in NE levels. The present study demonstrates that in vivo regional microdialysis, which permits one to study changes in NE released into the extracellular space, is an advantageous method that overcomes the limitation of tissue anal ysis. The high recovery value of the microdialysis probe (22%) combined with the sensitivity of the HPLC assay allowed us to detect basal levels of NE and to document the changes that occurred during ischemia. Our results demonstrate that ischemia in duces an excessive release of NE into the extracel lular space of the hippocampus. Previous studies have verified that extracellular NE levels recovered in the dialysis perfusate are neuronally derived and can be used as an index of noradrenergic synaptic activity in the brain (Abercrombie et aI., 1988) . Thus, our results provide direct evidence for in creased noradrenergic activity produced by the ischemic insult. One might argue that this dramatic increase in NE could have resulted in part from ingress of plasma catecholamines through a dam aged blood-brain barrier. This is unlikely, first, be cause no acute barrier changes have been docu mented after 20 min of transient ischemia (Petito et aI., 1982) . Secondly, a peak corresponding to epi nephrine was never documented in our chromato graphic assay, although epinephrine is a major com ponent of plasma catecholamines. This suggests that plasma catecholamines make little if any con tribution to our measurements. Another possibility that has to be contemplated is the contribution of stress to the massive efflux of NE. Our animals were under nitrous oxide during the experiment, which would attenuate any stressful reaction. Fur-thermore, stress induced by tail shock was shown to induce only a two-fold increase in extracellular hippocampal NE levels (Abercrombie et al., 1988) . It seems therefore that stress made little if any con tribution to the massive NE efflux observed in our study.
It has been hypothesized that excessive release of excitatory neurotransmitters, such as glutamate, and increased synaptic activity play causative roles in the mediation of postischemic neuronal cell death (Rothman, 1984; Rothman and Olney, 1986) . In this experiment, the hippocampal perfusate samples were also analyzed for glutamate (data not shown).
The results demonstrate ischemia-induced in creases in glutamate level of a similar magnitude described by us previously in the striatum (Globus et al., 1988a) . There is sufficient evidence implicat ing the N-methyl-o-aspartate (NMDA) receptor in the deleterious effect of glutamate (Gill et aI., 1987; Rothman and Olney, 1987) . NE has been shown to decrease synaptic inhibition and to potentiate NMDA-linked events in the hippocampus and spi nal cord (Madison and Nicoll, 1988; Stanton et aI., 1987; Wohlberg et al., 1987) . Furthermore, cortical NE depletion was shown to enhance early meta bolic recovery after transient ischemia (Busto et al., 1985) . Thus, these studies suggest that excessive release of NE may play a detrimental role in the development of ischemic neuronal damage in the hippocampus. In contrast, others have demon strated that lesioning the ascending noradrenergic system exacerbates ischemic damage in the hippo campus (Blomqvist et aI., 1985) , and circulating NE and epinephrine can protect against cell loss follow ing transient cerebral ischemia (Koide et aI, 1986) . Thus, the role of the noradrenergic system in hip pocampal ischemic damage remains to be deter mined.
In summary, our results demonstrate that isch emia in the hippocampus is associated with in creased release of NE. We have previously demon strated that excessive release of dopamine mediates an injurious effect in the postischemic striatum (Globus et aI., 1987 (Globus et aI., ,1988a . These results strengthen the hypothesis that catecholamines play a role in neuronal damage following transient isch emia.
